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ABSTRACT 
 

We have developed preliminary conceptual laser 
system designs for the Laser ICF (Inertial Confinement 
Fusion) Fission Energy (LIFE) application. Our 
approach leverages experience in high-energy Nd:glass 
laser technology developed for the National Ignition 
Facility (NIF),1 along with high-energy-class diode-
pumped solid-state laser (HEC-DPSSL) technology 
developed for the DOE’s High Average Power Laser 
(HAPL) Program and embodied in LLNL’s Mercury laser 
system.2 

We present laser system designs suitable for both 
indirect-drive, hot spot ignition and indirect-drive, fast 
ignition targets.  Main amplifiers for both systems use 
laser-diode-pumped Nd:glass slabs oriented at Brewster’s 
angle, as in NIF, but the slabs are much thinner to allow 
for cooling by high-velocity helium gas as in the Mercury 
laser system. We also describe a plan to mass-produce 
pump-diode lasers to bring diode costs down to the order 
of $0.01 per Watt of peak output power, as needed to 
make the LIFE application economically attractive. 

 
I. INTRODUCTION 
 

The National Ignition Facility (NIF) is nearing 
completion at Lawrence Livermore National Laboratory 
(LLNL), and demonstration of deuterium-tritium (DT) 
inertial confinement fusion (ICF) ignition and burn is 
expected in the following year or two. As a result, interest 
in the potential of ICF-based energy production is 
increasing. Recently, a fusion-fission-hybrid energy-
generation engine based on laser-driven ICF has been 
proposed. In addition to advantages of substantially 
increasing utilization of the nuclear fuel supply, reducing 
nuclear waste, and reducing the potential for weapons 
proliferation, the Laser ICF Fission Energy (LIFE) 
concept also reduces requirements for fusion energy gain, 
target yield, and drive laser efficiency. 

II. SYSTEM OVERVIEW 
 

In many ways, the NIF is a prototype for our LIFE 
laser concept.  As with the NIF, the LIFE laser concept 
consists of a large number of individual beam lines or 
beamlets as shown for comparison in Figure 1.  We plan 
to duplicate NIF’s basic multi-pass architecture with a 
few minor modifications to optimize performance, as 
discussed in the following section.  In addition, to enable 
high-average-power operation, we replace the NIF’s 
passive cooling system with high-speed helium gas to 
remove heat from active laser components, as 
demonstrated in LLNL’s Mercury laser. To achieve 
required laser efficiency >10%, we replace the NIF’s 
flashlamps with a laser-diode pumping system (also 
demonstrated in Mercury).  An increase in repetition rate 
by nearly five orders of magnitude results in average 
output power of order 100 kW per LIFE beamlet. 

An enlarged cut-away view of the LIFE laser concept 
shown in Figure 2 identifies some of the challenges that 
we face in its development.  The optics durability or 
lifetime, especially for optics near the target chamber (the 
“final optics”) will determine availability of beamlets.  
We plan to have a number of extra beamlets so that their 
scheduled maintenance will not affect overall availability 
of LIFE power plants.  Thermal energy management is an 
important issue for the laser amplifiers, the Pockels Cell 
switches, and the frequency converters, and will be 
discussed in more detail in Section V. Targeting accuracy 
requirements are stringent, but similar in precision and 
response time to other demanding systems currently under 
development.  Maximizing efficiency and minimizing 
cost are also substantial, but manageable challenges. 
 
III. PRIMARY DESIGN REQUIREMENTS 
 

Various options being considered for the LIFE power 
plant concept have different laser requirements.  Eight 
options, listed in Table 1, are classified by fusion yield 

 



 
Figure 1. NIF configuration compared with LIFE concept. 

 
(37.5 MJ or 75 MJ), method of ignition (hot spot ignition 
or fast ignition), compression laser wavelength (2ω or 
3ω), and compression-laser illumination geometry (like 
NIF or low incidence angle (LIA)). Requirements for 
compression-laser pulse energy and peak power span 
large ranges.  All eight options require laser operation at 
13.3 Hz. 
 

 
Figure 2. Cut-away view of the LIFE laser concept. 
 

Two of the eight options use hot-spot ignition in 
which the temporal shape of the few ns-long compression 
laser pulse is tailored to cause shock wave heating of a 
small spot at the core of the compressed fuel to ignite the 
target.3  The remaining six options use fast ignition in 
which a compression laser of reduced size compresses the 
target, and a tightly focused ignition laser generates hot 
electrons and ignites the target.4  Of the six fast-ignition 
options, two use 3ω compression lasers with NIF-like 
illumination geometry, two use 2ω compression lasers 
with NIF-like illumination geometry, and two use 2ω 
compression lasers with LIA illumination geometry.  All 
six fast-ignition options have the advantages of smaller 
lasers and higher target gain, achieved at the expense of 
generating short pulses of ~20-ps duration and of focusing 

beams tightly to a common ~50-µm spot diameter.  
Additionally, ignition laser beams must have high-
intensity contrast ratio, with <1011 W/cm2 delivered on 
target prior to the ignition pulse to ensure efficient hot-
electron generation and propagation to the core.  As 
indicated in Table 1, ignition laser energy is 100 kJ for the 
37.5-MJ yields, and 150 kJ for the 75-MJ yields. 

 
Table 1. Compression-laser requirements for eight options 
currently under consideration. 

 

 
Since the target designs for the LIFE options have 

similarities with the indirect-drive NIF target designs, we 
expect other requirements for the compression-laser 
beamlines to be similar to NIF’s.  See Reference 3 for a 
detailed discussion of indirect-drive physics issues and 
requirements for the indirect-drive NIF laser design.  For 
NIF, output power in each beamline must deviate from 
the desired power by <8% RMS over any 2-ns interval; 
the beams must be pointed to the desired locations on 
target with <50-µm RMS deviation; pre-pulse on target 
must be <108 W/cm2; overall pulse duration is 20 ns; the 
pulse must be temporally shaped, starting with a long, 
low-power “foot” portion and ending with a high-power 
“main” portion; and energy must be delivered within a 
600-µm spot diameter.  In the NIF illumination geometry, 



the two ends of the cylindrical hohlraum target are 
illuminated with cones of beams at angles of ~30 and ~50 
degrees with respect to the axis, with 2/3 of the beams on 
the outer cone and 1/3 on the inner cone. Beams are 
smoothed temporally and spatially, using smoothing by 
spectral dispersion (SSD).5 For the LIFE concept, the 
target illumination requirements must be met with a 
moving target, which is injected at a speed of several 100 
m/s.  

In the LIA illumination geometry used by two of the 
options, the two ends of the cylindrical hohlraum target 
are illuminated with one or more cones of beams 
subtending <20 degrees (full angle) at the target.  The 
LIA geometry uses fewer beam ports, which simplifies 
the design and fabrication of penetrations through the 
target chamber and fission blanket.  However, it is 
anticipated that various inefficiencies of the LIA 
geometry will increase the required laser pulse energy by 
~20%, relative to the NIF-like illumination geometry.   

A rule of thumb for economical fusion power plants 
is that the product of the laser wall-plug efficiency, η, and 
the fusion target gain, G, be greater than 10 to limit the 
electrical power recycled to drive the laser.6  To estimate 
required laser wall-plug efficiency for the LIFE concept, 
we have replaced the fusion gain with the product of the 
fusion gain and the fission gain.  As shown in Table 1, 
required laser wall-plug efficiencies generated using this 
rule span from ~ 3% to 12.6%.  As discussed in Section 
VII on laser efficiency, we believe that efficiencies 
greater than 12.6% can be readily achieved. 
 
IV. BASELINE MULTIPASS ARCHITECTURE 
 

We adopted the NIF beamline architecture for the 
LIFE laser because it is has performance advantages 
relative to other architectures, it is well engineered and 
tested, and it has demonstrated reliable performance for 
the 192-beamline NIF laser.7 Since the LIFE laser 
operates at 13.3 Hz while the NIF laser operates at a few 
shots per day, designs for the amplifiers, Pockels cell 
switches, and harmonic converters have had to be 
modified to improve efficiency or to handle waste heat. 
These modifications are described in the various sections 
below and include flowing He gas over thin laser slabs 
and Pockels cell and frequency conversion crystals.  To 
reduce Pockels cell switching voltage, improve pumping 
efficiency and to reduce vibrations of the laser slabs, the 
beam aperture for the LIFE amplifiers was reduced to 20 
× 40 cm, compared with 40 × 40 cm for NIF.  Additional 
advantages of using a smaller aperture include reduced 
losses due to amplified spontaneous emission (ASE) in 
the laser slabs, higher overall efficiency, and reduced 
costs for fixtures needed to fabricate optical components.  
A smaller aperture in the 1ω amplifiers allows them to 
operate far above the saturation fluence for efficient 
energy extraction, while beam expansion prior to 

frequency conversion allows the final optics to operate 
well below their damage threshold. 

Figure 3 is a schematic of the LIFE laser beamline 
preliminary baseline design. Pulses from the front end are 
injected in the far field of the transport spatial filter.  After 
being collimated by the transport spatial filter lens, the 
beam passes through the booster amplifier, reflects off a 
mirror, reflects off the polarizer, and passes through the 
Pockels cell, cavity spatial filter, and cavity amplifier.  
After reflecting from the cavity end mirror, which might 
be a deformable mirror for correcting wave-front 
distortion, the pulses pass a second time through the 
cavity amplifier, cavity spatial filter, and Pockels cell.  As 
the Pockels-cell voltage has been applied by this time, the 
Pockels cell rotates the beam polarization by 90º, and the 
beam is transmitted through the polarizer. After reflecting 
off from the second cavity end mirror, the beam passes 
through the polarizer, Pockels cell (which rotates the 
polarization back to its original orientation), cavity spatial 
filter, and cavity amplifier again.  After reflecting from 
the first cavity end mirror again, the beam makes a fourth 
and final pass through the cavity amplifier, cavity spatial 
filter, and Pockels cell, which is now at low voltage and 
does not rotate the beam polarization.  The beam reflects 
off the polarizer, reflects off a mirror, and passes a second 
time through the booster amplifier.  It propagates through 
the transport spatial filter, where it is magnified 
anamorphically to 40- × 40-cm2 aperture size, then 
through the harmonic converter and the final telescope, 
before being focused onto the target. A narrow 
constriction in concrete or some other neutron-absorbing 
material near the focal plane of the final telescope serves 
as a neutron “pinhole” that shields all laser optics except 
the final focus lens from fusion neutrons.  

 

 
Figure 3. The LIFE baseline design is similar to NIF’s. 
 

Some advantages of multi-passing the main amplifier 
include increased extraction efficiency, elimination of 
preamplifier sections that would add cost and increase 
building space, and reduced front-end size. Four passes 
are sufficient for achieving most of the benefits available 
from multi-passing as the required front-end energy is 
<1 J.  At this energy, cost of the front end is small relative 
to the cost of the rest of the system.  Two passes would be 



insufficient, however, since the required front-end energy 
would be >100 J, and front-end costs would be many 
times larger.  Achieving four passes with this architecture 
has the added cost of using a full-aperture Pockels cell 
switch.  

Like the NIF, the LIFE beamline relays the image of 
an apodized aperture in the front end to multiple locations 
through the chain to reduce the growth of diffractive 
noise.8  Also, the focused beams propagate through a 
different spatial-filter pinhole on each pass to avoid 
“pinhole closure” effects due to plasma blow-off from 
prior passes.9  Absorbing beam dumps must be placed at 
various locations to absorb stray beam light and light 
produced if Pockels cells misfire.    

Output energies and fluences provided in Figure 3 
correspond to limiting the nonlinear phase shift or ΔB 
(pronounced “delta-B”) accumulated between spatial 
filter pinholes to 1.8 radians, the same limit applied in the 
NIF design.10  ΔB, which is proportional to the beam 
intensity integrated along the beam path, has been 
correlated with the growth of small-scale intensity 
features, resulting in beam self-focusing.  The numbers of 
laser slabs in the cavity and booster amplifiers have been 
adjusted to 10 slabs and to 5 slabs, respectively, to give 
the largest ΔB-limited output energy for 6-ns square-in-
time pulses at 1ω.  ΔB limits are attained nearly 
simultaneously in both the cavity-amplifier and booster-
amplifier sections.  The 6-ns square-pulse duration 
corresponds to the effective 1ω pulse duration needed to 
produce the required pulse energy and peak power at 3ω, 
for the 1.3-MJ, 3ω hot-spot ignition option listed at the 
top of Table 1.  Approximately 185 laser beams will be 
required to meet pulse energy and peak power 
requirements for that case.  Optical damage risk can also 
limit beam performance, as discussed in Section IX.  
 
V. THERMAL ENERGY MANAGEMENT 
 

Thermal energy is deposited in glass laser slabs due 
to non-radiative transitions between Nd3+ energy levels.  
It is also deposited in deuterated potassium di-hydrogen 
phosphate (DKDP) Pockels cells and optical harmonic 
conversion crystals due to residual hydrogen impurity 
absorption at the fundamental 1.05-µm wavelength.  Heat 
is removed from these optics by transfer to high-velocity 
helium gas flowing in channels between the “slablets” as 
depicted in Figure 4.  As heat in the optics flows toward 
their surfaces, the temperature is highest in their center 
and lowest at their surface.  Thermal expansion of the 
center of the optics then puts the surfaces into mechanical 
tension.  At the surface, residual cracks from the optics 
finishing process can propagate and lead to catastrophic 
crack growth if the tensile stress exceeds a critical value 
that depends on the material’s fracture toughness.  
Surface tensile stress is reduced by reducing slablet 

thickness, thereby reducing the temperature differential 
between the center of an optic and its surfaces. 

 

 
Figure 4. Heat removal concept for optics. 

 
V.A. AMPLIFIERS 
 

A schematic of our preliminary conceptual design for 
a Nd:glass LIFE laser amplifier is shown in Figure 5.  
With the current composition of NIF amplifier glass and 
its finishing specifications (i.e., scratch-and-dig limits), 
we find that the amplifier slabs should be reduced in 
thickness to eliminate the potential for surface crack 
growth during high-average-power operation.  Thus, NIF 
amplifier slabs, normally 4-cm in thickness, are thinned 
into five slablets of 8-mm thickness each, as shown in 
Figure 5.  Windows are added beside the outer slablets to 
contain the high-speed helium cooling gas flow.  Laser 
diodes operating at 872-nm wavelength pump directly 
into the 4F3/2 upper laser level of Nd3+.  The pump diode 
arrays operate at a spatially averaged, temporal peak 
irradiance of 5.2 kW/cm2.  The total peak diode power is 
6 MW on each side of the amplifier.  A solid-model 
concept of a 4-stack amplifier, line replaceable unit 
(LRU), is shown in Figure 6, along with a cut-away view 
of an individual amplifier in which the helium flow 
channels can be seen.  

 
Figure 5. Five 8-mm slablets replace NIF 4-cm-thick slab.



 
Figure 6.  Model of 4-stack amplifier LRU, left, and cutaway view of amplifier with flow channels, right. 

 
The need to use thinner amplifier slabs is driven by 

the relatively low thermo-mechanical fracture-toughness 
of the NIF’s current phosphate glass compositions and the 
current scratch-and-dig finishing specifications.  We think 
that new glass compositions and/or advanced finishing 
technology can change or eliminate the requirement to 
reduce slab thickness.  The development of new glasses 
and finishing technology will be part of the LIFE Laser 
development process. 
 
V.B. POCKELS CELLS 
 

Efficient extraction of the energy stored in the main 
amplifier is achieved with a Pockels cell or electro-optic 
switch. A Pockels cell is simply an electrically driven 
switch that controls the polarization state of light passing 
through it.  When coupled with a polarizer, the light path 
is altered, allowing multi-pass extraction.  

The operating voltage and thermal loading constrain 
the design of the Pockels cell. The voltage required to 
rotate the polarization by 90° is known as the half-wave 
voltage.  In a transverse Pockels cell (where the applied 
voltage is orthogonal to the light propagation direction), 
the half-wave voltage is proportional to the distance 
between the electrodes and inversely proportional to the 
crystal thickness. The Pockels cell is designed with the 
constraints of ensuring that the drive voltage required to 
switch the device falls within the realm of possibility for 
the desired repetition rate and that the center-to-edge 
thermal gradient in the Pockels cell crystal is below the 
fracture limit of the crystal. The design criteria of an 
aperture-scalable, He gas-cooled, high-average-power 
switch has already been discussed.11  For the electro-optic 
crystal, we propose using DKDP with a deuteration level 
between 95 – 99.9%. DKDP exhibits a residual near-

infrared optical absorbance, which varies between 
0.003/cm and 0.001/cm, for 95% and 99.9% deuterated 
crystals, respectively.12 In contrast to the gain medium, 
the thermal load on the Pockels cell is quite modest and 
can be readily removed by near room temperature, room 
pressure subsonic helium flows.  

The Pockels cell consists of 4 DKDP crystals with a 
thickness of 0.85 cm for the 99.9% D case.  To eliminate 
static birefringence, each individual DKDP crystal is 
matched in thickness to one another within a few microns.  
While this represents a strenuous optical specification, 
these tolerances are met on crystalline parts machined 
using diamond turning and magneto-rheological finishing.  
Solid-state high-voltage power supplies, similar to the 
supplies already used for the plasma electrode Pockels 
cell on NIF, have already demonstrated operation at 10-
Hz repetition rates and can be scaled to the necessary (80-
kV) voltage. 

Additional large aperture optics, in addition to 
DKDP, are required.  The incident horizontally polarized 
light must be rotated 45 degrees both before and after the 
Pockels cell crystals.  In addition, the equivalent of a 90 
degree optical rotator must be used in the center of the 
Pockels cell.  Two crystals are potentially available as the 
basis of these optical elements.  Hydrothermally grown 
quartz is available with apertures of approximately 20 cm, 
whereas the current design requires a 40- × 20-cm 
aperture.  While it is likely that hydrothermally grown 
quartz can be scaled to the final aperture, quartz can be 
easily optically bonded to provide a segmented window of 
the desired aperture. In addition to quartz, high optical 
quality sapphire is currently available in the desired 
aperture. Again, precision magneto-rheological finishing 
of sapphire will allow the manufacture of large aperture 
waveplates necessary for the Pockels cell operation.  



 
V.C. FREQUENCY CONVERSION 
 

DKDP of similar deuteration level to that of the 
Pockels cell (95% - 99.9% D) can also be used for the 
frequency doubler and frequency tripler.  Thermal loading 
in the doubler and tripler is due, as in the Pockels cell, to 
residual infrared absorption.  In contrast to the Pockels 
cell, as the infrared light is doubled and tripled, the crystal 
thermal loading decreases.  We again propose a He gas-
cooled segmented aperture, the design criteria of which 
have been previously discussed.13  Similar to NIF, we 
propose to use a Type I doubler/Type II tripler.  While 
frequency conversion lowers the expected thermal 
loading, the generation of ultraviolet light leads to 
potential optical durability issues for the DKDP tripler 
crystals.  To design around this, we expand the beamline 
aperture of the infrared light, so that when converted, the 
3ω fluence will be below the damage limit.  Again, the 
thickness of the doubling and tripling crystals is chosen to 
keep the center-to-edge thermal gradient less than 1o C, 
and results in a dual crystal doubler and tripler with 0.8-
cm-thick DKDP crystals.  As a potential alternative to 
DKDP, we are also developing crystals such as yttrium 
calcium oxyborate (YCOB).  YCOB is currently used on 
the Mercury laser system for high average power 
doubling.2  We are currently looking at the possibility of 
scaling the aperture of YCOB beyond the current 7.5 cm 
width × 25 cm length. 

 
VI. PUMPING BY LASER DIODES 
 

NIF’s flashlamp pumping of the main slab amplifiers 
will be replaced with arrays of laser diodes in the LIFE 
laser.  This allows LIFE to take advantage of an order of 
magnitude increase in electrical-to-optical energy 
conversion efficiency, as discussed in the following 
section. 

While increases in laser diode efficiency and power 
make this development technologically feasible, it would 
not be economically feasible without a substantial 
reduction in the cost of laser diodes.  Fortunately, laser 
diode costs are dropping rapidly as the market for their 
use grows.  Figure 7 shows that diode costs exhibited a 
60% learning curve (i.e., prices dropped to 60% of their 
previous value for each doubling of the cumulative 
number of 100-watt bars produced) through acquisition of 
diodes to pump LLNL’s Mercury laser in 2003.  Cost 
estimates made more recently (points above 106 bars in 
Figure 7) lead us to expect this trend to continue through 
production of approximately 20 GW of diode power 
needed to construct a LIFE demonstration power plant. 

 

 
 

Figure 7. Diode cost learning curve. 
 
At present, two primary candidates for laser diode 

technology are potentially applicable to LIFE.  These are 
edge emitters, and Vertical Cavity Surface Emitting 
Lasers (VCSELs), as depicted schematically in Figure 8.  
To date, edge emitters have exhibited higher efficiency 
than VCSELs, and they are used in a majority of high-
power laser applications.   VCSELs, on the other hand, 
have the advantage of being fabricated in two-
dimensional gallium arsenide (GaAs) wafer-scale arrays, 
compared to edge emitters’ one-dimensional diode bars.  
This is expected to allow VCSELs to be manufactured 
more cheaply as their technology matures.  An additional 
advantage of VCSELs is reduced irradiance at the output 
surface, which should provide enhanced durability. 

The cost estimates shown in Figure 7 include three 
for edge emitters and two for VCSELs.  One of the 
VCSEL estimates is due to a LLNL engineering study 
that projected a cost of $0.0072 per Watt of peak diode 
power for 2.8 GW of laser diode manufacturing.  This is 
an order of magnitude below the learning curve for edge 
emitters, and indicates the potential for dramatic cost 
reductions that could be achieved with this technology. 

The potential of cost reductions for manufacturing 
VCSEL diodes can be better understood by comparison 
with the process for making GaAs integrated circuits 
(ICs) in the cell phone industry.  There are a half-dozen or 
so high frequency GaAs ICs in every cell phone.  The 
growth of GaAs crystals, production of wafer substrates, 
epitaxial growth and patterning of layers is very similar to 
VCSEL production technology.  If one estimates the cost 
per unit area of GaAs IC chips and divides by the power 
per unit area of VCSEL diodes, the answer is in the 
neighborhood of $0.01 per Watt, in good agreement with 
cost estimates for high volume VCSEL manufacturing.  
Moreover, an estimate of the total volume of GaAs ICs 
produced to date shows that the area of GaAs substrates 
used in the world’s two billion cell phones already 
exceeds that needed for the first LIFE demonstration 
power plant by an order of magnitude. 

 
 
 

 



 
Figure 8. Edge emitter diode, left, and VCSEL diode, right. 

 
VII. DRIVE LASER EFFICIENCY 
 

We have compared our estimate for the efficiency of 
possible future LIFE 3ω laser drivers with the efficiency 
of the NIF laser and with estimated efficiency of the NIF 
laser with diodes replacing the flashlamps.  See Table 2 
for the results. 

  
Table 2. Diode pumping allows NIF laser technology to 
meet LIFE efficiency requirements. 

 
 

The NIF is strongly affected by losses associated 
with flashlamp pumping. These losses have been modeled 
extensively and are well understood.14 First, electrical 
energy is lost in  the  high-voltage   power  conditioning 
system.  Next, flashlamps convert electrical input power 
to optical output power quite efficiently.  However, much 
of their highly divergent output misses the laser slabs 
(affecting pump transport efficiency) or falls outside the 
Nd3+ absorption bands (affecting absorption efficiency).  
Since a large fraction of the absorbed flashlamp light is in 

the visible or near ultra-violet, the quantum defect (ratio 
of laser photon energy to average pump photon energy) is 
large, and the corresponding efficiency factor is low. 
Also, more than half the excited Nd3+ ions pumped by 
flashlamps decay during the pump pulse through 
spontaneous emission, non-radiative decay processes, and 
ASE.  Of the energy stored in the laser slabs at the end of 
the pump pulse, only some 37% ends up as 1ω output 
when NIF is operated at 3ω. Although NIF has 
demonstrated that up to ~52% of the stored energy can be 
converted to 1ω output energy (for 2ω operation), the 
extraction efficiency for 3ω operation is lower since 1ω 
output energy must be reduced to protect optics from 3ω  
damage. The harmonic conversion efficiency of ~64% is 
limited by the need to generate 3ω light over a broad 
range of intensities, including a low-intensity “foot” pulse 
and a high-intensity “main” pulse required for efficient 
target compression.3 Finally, since NIF is fired only 
several times a day, little energy is lost to the cooling 
system.  The estimated overall wall-plug efficiency for 
the NIF operating at 3ω is just 0.66%.  

Replacing the flashlamps with diodes available today 
would increase the wall-plug efficiency of the NIF laser 
by over seven fold, to ~5%.  The power conditioning 
system can be ~90% efficient, using distributed power 
supplies with close proximity to diodes.  Diodes with 
electrical-to-optical conversion efficiency of over 70% 
have been demonstrated, although 60% seems to be 
available from commercial products. Diode light, being 
highly directional, can be directed onto laser slabs with 
high efficiency.  By selecting glass with sufficiently high 
Nd3+-doping concentration absorption efficiency can be 
near unity.  The efficiency due to quantum defect, 83%, is 
greater than for flashlamps and relies on pumping at 872 
nm, the longest-wavelength pump band.  Modeling shows 
~50% of the excited ions decay when the diode pump 
pulse is ~365 µs.  The extraction efficiency and harmonic 
conversion efficiencies are the same for diode-pumped 
NIF as for the current NIF.  



With anticipated technology improvements, we 
estimate that the wall-plug efficiency of future LIFE 
lasers can be >13%.  For example, within the next decade 
or two, it seems likely that diodes with the 80% efficiency 
goal of the DARPA SHEDS Program will become 
available.15  As diode costs come down, it will be possible 
to purchase more diodes and to pump the laser slabs with 
shorter pump pulses, so that up to 60% of the pumped 
ions remain excited at the end of the pump pulse.  Up to 
60% of the stored energy might be converted to 1ω output 
energy by distributing 1ω output over two or more 
stacked pulses (to increase ΔB-limited energy) and by 
sending these stacked pulses to two or more harmonic 
converters (to increase 3ω damage-limited energy).  
Harmonic conversion efficiency might be increased by 
generating the low-intensity foot pulses and high-intensity 
main pulses with separately optimized harmonic 
converters.  Modeling shows that power consumed by 
systems for cooling the laser slabs, diodes, and other 
components are likely to reduce overall efficiency by 
~10%. 

 
VIII. OPTICS FABRICATION 
 

The LIFE laser uses a number of different optics 
including amplifier glass, lenses, mirrors, windows, and 
Pockels cell and frequency conversion crystals. The 
specific optics were chosen because of modeling and 
manufacturability to provide the least expensive optics 
that meet performance requirements.  Optics fabrication 
for the LIFE laser directly benefits from NIF Project 
experience.  With help from optics vendors, NIF has 
developed fabrication processes for very large, high- 
quality optics, as seen in Figure 9.  The size and shape of 
all of the LIFE optics has been achieved or exceeded by 
the NIF Project.  Improved finishing processes may be 
necessary due to the increased number of surfaces per 
beamline.  Routine testing of optics will ensure that all 
LIFE requirements are met. 

The gain medium for the LIFE amplifier slabs is 
neodymium-doped phosphate laser glass, similar in 
composition to the glass used in the Nova, Omega and 
Omega EP, Beamlet, and NIF lasers.  The full aperture 
area (40 × 40 cm2, oriented at Brewster’s angle for a 20 × 
40 cm2 clear aperture) required for the LIFE laser 
amplifier material has already been achieved for 
Nd:phosphate laser glass, and production techniques are 
in place for the NIF.16  As in NIF, ASE-absorbing edge 
claddings must be attached to slab edges to reduce 
fluorescence decay rates and to prevent internal parasitic 
lasing. Several edge-cladding concepts, including both 
surface absorbers and volume absorbers, seem promising 
for meeting requirements for thermal heat loading and for 
low reflectance.    The current bulk quality and finishing 
of the Nd:phosphate laser glass fully meets the NIF 
requirements.  The LIFE laser will also require many 
different lenses, mirrors, and windows. The NIF Project 
has already achieved the size and shape of each of the 
LIFE optics.  Techniques such as Magneto-Rheological 
Finishing (MRF) have been more fully developed in the 
last few years to improve the surface finish and reduce 
wave-front distortion of optics.17 The MRF technique 
does not induce subsurface damage and can effectively 
remove existing damage to create a more robust optical 
surface.  This is just one of the advanced finishing 
methods that will be explored. 

 
IX. OPTICS DURABILITY 
    

The design, construction, and impending completion 
of the NIF have led to rapid improvements in reliability of 
optical components exposed to high fluence.18 Among the 
important advances are understanding and controlling the 
polishing process,19 conditioning of optics prior to 
deployment,20,21 mitigation of damage growth,22 
development of damage resistant coatings,23 and 
theoretical exposition of the statistics of damage in large 
aperture optics.24 All this knowledge and these techniques

 

 
Figure 9. Optics developed at LLNL for various lasers, left, and continuous-pour laser glass production used for NIF, right. 



 
are directly applicable to, and will be used in the LIFE 
laser development process. 

Despite the successes in NIF, LIFE will face some 
new challenges due to the high repetition rate that leads to 
the optical components being exposed to high average 
power, a high number of shots, and thermo-mechanical 
stress.  The high average power requires high deuteration 
levels for the KDP in the optical switches and frequency 
conversion elements to reduce absorption. The reliability 
of highly deuterated KDP needs to be investigated more 
thoroughly. A high shot count is an issue because there 
has been some evidence that fatigue can lead to a reduced 
damage threshold under some conditions.25 Compaction 
in the bulk or in sol-gel or hard coatings, especially of the 
UV exposed components, may also be an issue.  Thermo-
mechanical stress could cause damage sites to grow by 
crack propagation under conditions where they would not 
grow in the absence of stress.  Another area of concern is 
the exposure of the final optic to a high average flux of 
neutrons.26 Work on all these issues will continue.  A 
facility for accelerated life testing of optical components 
is being planned. Little work has been published on very 
long-term reliability of laser optics, but at least one paper 
reports on the survival of high reflector mirrors for 
several billion shots.27 The outlook for the development of 
the required high reliability optics is encouraging. 

 
X. DEVELOPMENT PATH 

 
Turning our concept for LIFE into reality will require 

substantial technological development in the coming 
decade. For example, a crucial element of the required 
development is the National Ignition Campaign (NIC), 
which is ongoing and is expected to demonstrate fusion 
ignition by ca. 2010.  The viability of Fast Ignition will be 
tested on NIF in years that follow, with potential 
verification by ca. 2014. Other crucial elements include 
target fabrication, target injection, the fusion-fission 
“engine”, and the laser driver. We envision laser driver 
development progressing through several stages, 
beginning with design and testing of prototype laser 
components, especially the amplifiers, Pockels cells, and 
frequency converters.  Next, a prototype LIFE Laser 
beamline or bundle that uses the developed components 
would be built and tested.  

A key element of the LIFE Laser development plan 
must be a substantial investment in bringing down the 
cost of manufacturing laser diodes for pumping the 
Nd:glass laser medium.  This needs to begin as soon as 
possible since it will have a considerable impact on the 
near term cost of the prototype laser system.  A prototype 
laser beamline will require ~200 MW of pump-diode 
power.  At the present >$1/Watt cost of laser diodes, a 
single LIFE Laser beamline would need over $200M 
worth of diodes alone, which could be prohibitive.   On 

the other hand, if the cost of diodes could be brought 
down to $0.1/Watt in the near term, the construction of a 
prototype beamline may become affordable.  The diode 
production learning curve in Figure 7 suggests that this 
expectation for diode costs is reasonable at the scale of 
manufacturing required for such a prototype.  

Design of a LIFE Pilot Plant would follow testing of 
the prototype beamline and development of the crucial 
target and LIFE engine technologies  Sufficient 
manufacturing capacity for the laser optics (glass, fused 
quartz, and DKDP crystals) would need to be developed 
earlier to meet the construction schedule.  Additionally, 
diode production costs would have to come down much 
more than for the prototype beamline, since some 20 GW 
of diodes will be needed for the Pilot Plant.  We envision 
that down-selection of the method, and facilitization of 
the laser diode manufacturing capacity, will proceed in 
parallel with development of the optics manufacturing 
capacity. 

 
XI. CONCLUSION 
 

Preliminary conceptual system designs for the LIFE 
Laser driver were developed.  Our approach heavily 
leverages our experience in high-energy Nd:glass laser 
technology developed for the National Ignition Facility 
(NIF),1 along with high-energy-class diode-pumped solid-
state laser (HEC-DPSSL) technology developed for 
LLNL’s Mercury laser system.2 

Different versions of the laser system design are 
suitable for indirect-drive, hot spot ignition or indirect-
drive, fast ignition targets.  Main amplifiers for both 
approaches use laser-diode-pumped Nd:glass slabs 
oriented at Brewster’s angle, as in NIF, but the slabs are 
much thinner to allow for cooling by high velocity 
helium-gas as in the Mercury laser system.2  The designs 
also use He-gas-cooled, highly deuterated thin crystals of 
DKDP for Pockels cell switches, and frequency 
conversion.  Mass-production of pump-diode lasers is 
needed to bring their cost down to the order of $0.01 per 
Watt of peak output power to make the LIFE application 
economically attractive.  Engineering studies performed 
at LLNL, and by diode manufacturers indicate that the 
required laser diode cost reduction is achievable. 
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